Background: Partial nephrectomy is performed with the aim to preserve renal function. But the occurrence of postoperative acute kidney injury (AKI) can interfere with this goal. Our primary aim was to evaluate associations between pre-specified modifiable factors and estimated glomerular filtration rate after partial nephrectomy. Our secondary aims were to evaluate associations between pre-specified modifiable factors and both serum creatinine concentration and type of nephrectomy. Methods: The records of 1955 patients who underwent partial nephrectomy were collected. Postoperative estimated glomerular filtration rate (eGFR) was used as the primary outcome measure. Twenty modifiable risk factors were studied. A repeatedmeasures linear model with autoregressive within-subject correlation structure was used. The interaction between all the factors and type of nephrectomy was also studied. Results: A total of 1187 (61%) patients had no kidney injury, 647 (33%) had stage I, 80 (4%) had stage II, and 41 (2%) had stage III injury. The mean eGFR increased an estimated 0.83 (99.76% CI 0.79-0.88) ml min −1 1.73 m −2 for a unit increase in baseline eGFR.
Editor's key points
• Surgical options for renal tumour management include partial nephrectomy and radical nephrectomy.
• A goal of partial nephrectomy is to preserve nephrons and renal function.
• Data from a clinical database were used to study associations between modifiable factors and postoperative renal dysfunction.
• Factors identified included preoperative hypertension, duration of surgery, ischaemia time, and warm ischaemia time.
Introduction
The goal of partial nephrectomy (PN) or nephron-sparing surgery is to optimize oncologic outcomes while preserving renal function. [1] [2] [3] Multiple studies from several centres have shown that PN provides significant preservation of renal function compared with radical nephrectomy (RN), 4 5 while offering equivalent cancer-specific survival. 6 7 PN can be performed as open partial nephrectomy (OPN), laparoscopic partial nephrectomy (LPN) or robot-assisted partial nephrectomy (RPN). The advantages offered by minimally invasive surgery when compared with open surgery are faster recovery from surgery, decreased blood loss, a shorter length of hospitalization, and reduced postoperative pain and scarring. However, LPN may be a technically challenging procedure that requires considerable skill and expertise combined with the necessity to minimize ischaemic times. 8 RPN may overcome the technical challenges of LPN. 9 Whatever the surgical approach selected, the surgical and oncologic principles remain the same: oncologic control, preservation of renal function, and minimization of morbidity. Postoperative renal insufficiency is a significant independent predictor of overall and cardiovascular-specific survival, and efforts should be made to limit the renal function loss associated with surgery for localized renal masses. 6 10 There are limited studies discussing renal outcomes after PN. Most studies have focused on surgical risk factors, with a relative paucity of studies looking at anaesthesia-related modifiable factors that could predict the development of acute kidney dysfunction in the postoperative period. Identification of these factors could allow for introduction of renoprotective strategies in the perioperative period. Due to a paucity of studies related to factors that could contribute to renal dysfunction after PN, our primary aim was to evaluate associations between pre-specified modifiable factors and estimated glomerular filtration rate (eGFR) after PN. Our secondary aims were to evaluate associations between pre-specified modifiable factors and serum creatinine concentration and interaction between factors and the type of nephrectomy.
Methods

Patients
The study population included adult patients who underwent OPN, LPN and RPN between 2005 and 2012. Data were collected from the Perioperative Health Registry (PHDS) at the Cleveland Clinic acquired during this period. Data in this registry are prospectively collected in a standardized fashion according to strict definitions of preoperative characteristics, intraoperative information, and postoperative outcomes. The requirement for written informed consent was waived by the institutional review board.
We evaluated the following 20 modifiable factors: ( preoperative) hypertension, number of antihypertensive agents, presence of angiotensin-converting enzyme (ACE) inhibitors as part of the preoperative regimen, diabetes, smoking status, baseline eGFR, (intraoperative) type of PN (i.e. open/laparoscopic/robotic), cold/ warm ischaemia and the duration of ischaemia (time), minimum mean arterial pressure (MAP; i.e. lowest MAP for at least 5 continuous minutes) during the case and duration in epoch units (i.e. Each epoch required the minimum MAP to be sustained continuously for at least 5 min. Every 5 min was counted as an epoch unit. The duration of epoch units was calculated by dividing the total minutes during all epochs by 5 min), dosage of vasopressors (ephedrine and phenylephrine), inhalational agent (sevoflurane or isoflurane), urine output per kilogram per hour of surgery time, amount of crystalloids received, amount of colloids received, estimated blood loss, units transfused (includes packed red blood cell and fresh frozen plasma), and duration of surgery.
Primary analyses
The primary outcome was eGFR from postoperative day 0 to day 4 using the Modified Diet in Renal Disease (MDRD) formula. We assessed the association between postoperative eGFR and two sets of modifiable factors (i.e. 6 preoperative and 14 intraoperative), each set using a repeated-measures linear model with autoregressive within-subject correlation structure.
We fit one model for preoperative modifiable factors and another for intraoperative factors (adjusting for preoperative). First, the association between eGFR and all of the six preoperative modifiable factors was assessed simultaneously, adjusting for the pre-specified potential confounders. In a second model, the association between eGFR and all of the 14 intraoperative modifiable factors was assessed simultaneously, adjusting for the prespecified confounders and 6 preoperative factors. Pre-specified potential confounders were age, gender, race, body mass index, and tumour size. Bonferroni correction was utilized so that P<0.0024 was considered significant at the overall 0.05 significance level (i.e. 0.05/21; 20 factors including two comparisons for type of nephrectomy).
We also assessed whether the association between the postoperative eGFR and the 20 modifiable factors (except for the type of nephrectomy) depended on the type of PN using the above models and testing the factor×type of nephrectomy interaction. For factor(s) with significant interaction with the type of nephrectomy, the factor(s) would be evaluated at each type of nephrectomy. The significance criterion for each interaction test was P<0.005 (i.e. 0.10/19).
Secondary analyses
We assessed the association between postoperative serum creatinine concentration and the same two sets of modifiable factors using the same method as in the primary analysis. Prespecified potential confounders were age, gender, race, body mass index, and tumour size. The factor×type of nephrectomy interaction was assessed as well. Also, we summarized the acute kidney injury (AKI) stage using the worst creatinine level from postoperative day 0-4.
Our study covers an 8-year period. In order to investigate the changes in practice, we summarized the proportion of each type of PN performed over years and conducted a post hoc analysis, where we evaluated the association between acute kidney injury and year of surgery. We used a proportional odds logistic regression model adjusting for baseline covariables. 
Sample size considerations
With ∼2000 qualifying patients from our database, we had >90% power at the overall 0.05 significance level (0.0024 criterion, Bonferroni correction) to detect a difference of ≥10 in eGFR for a binary predictor (assuming 50% 'yes') assuming an eGFR sd of 20. We had a higher power for assessing the association between GFR and a continuous predictor. SAS software version 9.3 (SAS Institute, Cary, NC, USA) was used for all statistical analyses.
Results
There were 2225 adult patients who underwent OPN, LPN, or RPN at the Cleveland Clinic main campus between 2005 and 2012. Of these, 270 patients with missing outcome and/or any of the prespecified modifiable factors were excluded. With Cleveland Clinic Institutional Review Board approval, data from 1955 patients with completed data were obtained for the analysis (Table 1) In our study cohort, we observed obvious trends of more RPN and less OPN/LPN over time: the proportion of RPN performed increased from 0% in 2005 to 67% in 2012, while the proportion of OPN and LPN decreased from 46 to 32% and from 54 to 1%, respectively (Supplementary data, Appendix S1). Maybe as a result of a change in the practice of PN procedures and improvement of care over time, patients were 18% less likely [OR 0.82 (95% CI 0.78-0.86)] to have a more severe AKI for each increase of 1 year over the 8-year period, after adjusting for baseline covariables (P<0.001; Supplementary data, Appendix S1).
Lower baseline eGFR, preoperative hypertension, longer duration of the procedure, longer ischaemia time, and warm ischaemia (as compared with cold ischaemia) were associated with worse postoperative renal function (lower eGFR) ( 
Discussion
Our study found that of the preoperative modifiable risk factors, only pre-existing hypertension was associated with worse postoperative renal function (lower eGFR). Intraoperatively, factors associated with worse renal function were open and laparoscopic nephrectomy (as compared with robotic nephrectomy), duration of surgery, longer ischaemia time, and warm ischaemia (as compare with cold ischaemia). Our study shows that 39% of patients undergo some degree of renal dysfunction ranging from mild to severe according to the Acute Kidney Injury Network 11 and this is quite concerning, although most patients had only mild renal injury (33%). The incidence of renal injury in non-cardiac surgery as reported by Kheterpal and colleagues 12 was 0.8%. Since all patients had normal preoperative baseline function in the study by Kheterpal and colleagues, the incidence seems lower than ours. This result may be related to elevated baseline creatinine and the surgery, which removes some of the functioning renal parenchyma. Schmid and colleagues 13 tried to identify the predictors of 30-day AKI in patients undergoing radical or partial nephrectomy in a retrospective database study. The incidence of AKI was 1.8% in their study. The difference in the incidence of AKI from our study can probably be attributed to the fact that patients with a pre-existing eGFR <30 were excluded from their study. The definitions used to define AKI also differed between the studies; serum creatinine was used by Schmidt and colleagues, 13 whereas eGFR was used in the present study.
This makes our results more accurate and reliable than the previous study since changes in eGFR can occur even with unchanged serum creatinine levels.
14 Out of all the preoperative factors in our study, only baseline eGFR and preoperative hypertension predicted a drop in eGFR in the postoperative period. The estimated mean increase in postoperative eGFR was 0.83 ml min −1 1.73 m −2 for a unit increase of eGFR at baseline. The fact that preoperative hypertension contributes to the development of AKI is supported by the findings of the study by Naik and colleagues, 15 which included a total of 726 patients who underwent spine surgery. The incidence of AKI in their study was 3.9% (n=28) based on the Risk, Injury, and Failure; Loss; and End-stage kidney disease (RIFLE) classification. Using a univariate comparison of the AKI and non-AKI groups, the only risk factor associated with developing AKI was preoperative hypertension (P=0.02). According to them, chronic hypertension is known to increase the risk of perioperative blood pressure lability, causing a shift in the autoregulatory range and contributing to perioperative renal failure. Further studies are needed to investigate whether better blood pressure control prior to surgery with http://bja.oxfordjournals.org/ resetting of the autoregulation limits would make a difference in the incidence of perioperative renal failure. Our results showed lower GFR in open and laparoscopic nephrectomy as compared with robotic nephrectomy. This could be due to the fact that patients with larger tumour size are more likely to undergo OPN, possibly biasing the results. Unfortunately, we do not know the size of each tumour prior to surgery, making patient selection and results prone to bias. Although a recent study by Wu and colleagues 16 concludes that when adjusted for potential selection biases, RPN offers comparable perioperative and early renal functional outcomes to those of OPN, with the added advantage of improved postoperative pain control and a shorter length of hospital stay. In the study by Schmidt and colleagues, 13 radical nephrectomy (OR=2.87, P=0.02) and the open approach (OR=2.18, P=0.04) were found to significantly increase the incidence of AKI. The proportion of RPN performed increased substantially, especially since 2009, and the proportion of OPN and LPN performed decreased dramatically (Supplementary data, Appendix Table) in proportion to the decrease in AKI over the years. The improvement in the incidence of AKI might be due to a change of practice in PN procedures (type of nephrectomy effect) and/or other improvements in care over the years (year effect). Since the type of nephrectomy effect and year effect are highly correlated, it is difficult to distinguish between the two. The perioperative fluid balance is also likely to impact renal outcome. A recent study showed that positive intra-and postoperative fluid balance was associated with AKI in paediatric patients ( pRIFLE). 17 Our study also highlights that the higher the intraoperative fluid usage, the greater the drop in eGFR. Although we were unable to determine the threshold, and our results were not significant, we can say that it is important to avoid overzealous fluid administration. After PN there is a reduction in functioning nephrons leading to hyperfiltration of the remaining glomeruli, which now have to handle the additional load, leading to an increase in the intraglomerular pressure and causing damage to the kidneys in the short and long term. We also found that the association between postoperative serum creatinine and the amount of crystalloids received depended on the type of PN, with OPN and LPN being more affected and RPN being more tolerant of fluid administration. This could be due to the fact that the robot is capable of precision with minimal handling of the remainder of the renal tissue, which could be somewhat protective. The study by Kheterpal and colleagues 12 looked at predictors of postoperative acute renal failure after non-cardiac surgery in patients with normal preoperative renal function. They had both urological and non-urological patients and they found that a MAP <40 and the use of vasopressor infusions were predictors of postoperative renal dysfunction. 18 Their study also predicted that intraoperative mannitol was associated with the occurrence of renal failure. However, our study did not show any association between the minimum MAP and development of renal dysfunction, possibly because any decrease in the intraoperative MAP was treated very quickly. Our study did not show any administration of diuretics as a risk factor, possibly http://bja.oxfordjournals.org/ because diuretics in our study were not given when there was oliguria, but rather they were given to most patients as part of a protocol to prevent the occurrence of renal failure. Our study showed that the number of minimal alveolar concentration hours of anaesthetic affected the postoperative eGFR, with a longer duration of surgery being more detrimental. Interruption of renal blood flow via pedicle clamping is necessary during PN. There are many studies that have evaluated whether ischaemia time and type contribute to renal dysfunction in the postoperative period. Currently one of the most important factors governing the return of function remains the duration of ischaemia. 19 Warm ischaemia does not seem to have such a great impact, particularly when it is of <20-min duration. 18 A multi-institutional study showed that there was a significant association with longer ischaemic time and postoperative low GFR. 19 Our study showed that every 10-min longer ischaemic time was associated with a decrease in eGFR and that the eGFR was lower in patients who received warm ischaemia as compared with cold ischaemia. Since the clamp time is one of the most important modifiable risk factors during PN, it should be minimized regardless of the surgical or ischaemia type. Our study has many limitations. The variables chosen as possible predictors were based on available literature and investigator hypotheses, but other factors could have played a role. Our analysis is retrospective, which eliminates the protections against confounding due to selection bias that is normally provided by randomization. The intraoperative analysis is also challenged by the absolute number of variables evaluated. Data for this study were collected from the Cleveland Clinic Perioperative Health Documentation System, exclusively representing the Clinic's Main Campus hospitals. However, the Cleveland Clinic is a tertiary care hospital, drawing patients from around the country and around the world, and the results can presumably at least be generalized to other tertiary centres. Despite the above limitations, this study offers insight into the anaesthetic management of a relatively new area of surgical procedures (i.e. OPN and RPN).
In conclusion, we identified important associations between potentially modifiable factors and AKI after PN. Prolonged surgical and clamping times, warm ischaemia, and preoperative hypertension were associated with AKI after PN. A higher baseline eGFR (although not modifiable) was associated with a larger decline in postoperative eGFR.
